The retinoic acid-related orphan receptor alpha (RORα) is well-known for its role in cerebellar development and maturation as revealed in staggerer mice. However, its potential involvement in the development of other brain regions has hardly been assessed. Here, we describe a new role of RORα in the development of primary somatosensory maps. Staggerer mice showed a complete disruption of barrels in the somatosensory cortex and of barreloids in the thalamus. This phenotype results from a severe reduction of thalamocortical axon (TCA) branching and a defective maturation of layer IV cortical neurons during postnatal development. Conditional deletion of RORα was conducted in the thalamus or the cortex to determine the specific contribution of RORα in each of these structures to these phenotypes. This showed that RORα is cell-autonomously required in the thalamus for the organization of TCAs into periphery-related clusters and in the somatosensory cortex for the dendritic maturation of layer IV neurons. Microarray analyses revealed that Sema7a, Neph, and Adcy8 are RORα regulated genes that could be implicated in TCA and cortical maturation. Overall, our study outlines a new role of RORα for the coordinated maturation of the somatosensory thalamus and cortex during the assembly of columnar barrel structures.
Introduction
Nuclear hormone receptors play important roles to regulate gene expression in numerous physiological processes, particularly during brain development. The retinoic acid-related orphan receptor alpha (RORα) gene that is mutated in the staggerer (RORα sg/sg ) mouse mutants (referred to as sg/sg) has long been known for its role in the development of cerebellar neuronal circuits. Staggerer mice have a stunted development of Purkinje cells with secondary neuronal degeneration of granule and Purkinje cells during postnatal development causing a vacillating locomotion (Sidman et al. 1962; Hamilton et al. 1996; Doulazmi et al. 1999 Doulazmi et al. , 2006 Doulazmi et al. , 2007 Boukhtouche et al. 2006 Boukhtouche et al. , 2010 Janmaat et al. 2011; Takeo et al. 2015) . This very compelling anatomical and cerebellar phenotype could have shadowed less striking developmental alterations in other brain regions
The developmental expression pattern of RORα indeed suggests an additional role for RORα in telencephalic development in the olfactory bulb (Monnier et al. 1999 ) and in sensory thalamocortical circuit development (Nakagawa and O'Leary 2003; Ino 2004) . Indeed, RORα is strongly expressed in all sensory thalamic relay nuclei and in layer IV neurons of primary sensory cortices (Nakagawa and O'Leary 2003; Ino 2004) . Thalamic and cortical RORα expression begins early in development (Nakagawa and O'Leary 2003) suggesting a possible role of this transcriptional regulator for the maturation of thalamocortical circuits. To investigate this, we focused on the barrel cortex in the primary somatosensory cortex because of its clear and well-structured organization that emerges during early postnatal development.
The rodent somatosensory cortex displays a striking cellular organization, known as the barrel cortex, whose development depends on a combination of genetic-and activity-dependent mechanisms (Li and Crair 2011; Wu et al. 2011; Erzurumlu and Gaspar 2012) . Thalamocortical axons (TCAs) from the ventrobasal (VB) thalamic neurons branch profusely in layer IV of the primary somatosensory cortex where they form clusters that correspond to individual whiskers of the snout. These TCA clusters drive a characteristic organization of layer IV spiny stellate neurons around them, to form the barrel walls, with an asymmetric organization of dendrites oriented toward the barrel hollow (Rice and Van der Loos 1977) . The construction of cortical barrels requires activity-dependent signals driven by the sensory periphery; consequently a number of mouse mutants or pharmacologically manipulated mice that have disrupted neurotransmitter signaling from the thalamus to the cortex show a barrelless phenotype (Cases et al. 1996; Iwasato et al. 1997 Iwasato et al. , 2000 Vitalis et al. 1998; Hannan et al. 2001; Lu et al. 2006; Price et al. 2006; Narboux-Nême et al. 2012; Li et al. 2013 ). However, other factors are required to orchestrate the morphogenetic events that make up barrels, such as growth factors (Maier et al. 1999) , guidance molecules (Shetty et al. 2013; Price et al. 2006; Carcea et al. 2014) , and signaling molecules such as cAMP (Welker et al. 1996; Iwasato et al. 2008; Suzuki et al. 2015) .
In the present study, we demonstrate that RORα is independently required for the maturation and organization of sensory neural afferents in the thalamus and in the cerebral cortex. In both structures, RORα acts by controlling the transcription of a number of genes that have been involved in the maturation of TCAs and the cellular reorganization of layer IV neurons such as Semaphorin A7 (Fukunishi et al. 2011; Carcea et al. 2014 ). Thus, our study identifies RORα as a key regulator to instruct barrel patterning of the primary somatosensory system coordinating the maturation of the two principal actors of this circuit.
Material and Methods

Mouse Lines and Breeding
Animal procedures were conducted in compliance with approved institutional protocols and provisions for animal care and use described in the European Communities council directive of 24 November 1986 (86/609/EEC). The day of birth was counted as P0. All mouse lines were maintained on a C57BL/6 background.
Staggerer mutant mice carrying a RORα deletion (Hamilton et al. 1996) were bred as heterozygous animals. This allowed to generate in the same litter RORα sg/sg (referred as sg/sg in the study) and wild type (WT) mice. Genotyping was performed as previously described (Boukhtouche et al. 2006) . To generate animals carrying tissue-specific ablation of RORα, we used RORα floxed mice (RORα loxp+/loxp+ ) (characterized in Chen et al. 2013) . Deletion of RORα in neurons of specific thalamic nuclei was obtained by crossing the RORα loxp+/loxp+ with the previously characterized SERT-Cre +/− mouse line (Zhuang et al. 2005; Narboux-Nême et al. 2008) . Because SERT (Slc6A4) is expressed in the VB from E14 to P10 (Lebrand et al. 1998 ), the mouse line has been repeatedly used to ablate genes in the somatosensory thalamus (Narboux-Nême et al. 2012; Li et al. 2013; Pouchelon et al. 2014) . SERT-Cre +/− mice were genotyped as previously described (Narboux-Nême et al. 2008 (Hébert and McConnell 2000; Eagleson et al. 2007; Siegenthaler et al. 2008) and was genotyped as originally described (Hébert and McConnell 2000) . F1 animals of the FoxG1-Cre 
Labeling and Analysis of Cortical and Thalamic Structures
Histology and Cytochemistry Mice aged P7-P8 (WT, n = 8 and sg/sg, n = 8) or P10 (WT, n = 6 and sg/sg, n = 7; Ctrl, n = 6; RORα Th , n = 6 and RORα ctx , n = 6)
were euthanized by an overdose of pentobarbital (150 mg/kg/ IP). They were perfused with 4% paraformaldehyde in phosphate buffer (PB). Brains were dissected and either rinsed in phosphate buffered saline (PBS) for cytochrome oxidase (CO) staining, or post-fixed at 4°C. Brains were sliced (50 μm thick) on a vibratome (VT 1000 S) and collected serially. To obtain tangential sections, cortices were dissected out and flattened between two glass slides with spacers, prior to post-fixation. Alternate coronal sections were used for Nissl-or CO-staining and complete series of flattened sections were used for CO-or Nissl-staining, as previously described (Vitalis et al. 1998 ). Sections were dehydrated and coverslipped in DePex (all products from Sigma). Images were acquired with a Coolsnap camera (Photometrics).
Immunohistochemistry
Pups aged P7-P8 (sg/sg, n = 12 and WT, n = 12 and, RORα Th , n = 3; RORα Ctx , n = 3, RORα Th / Ctx , n = 3; and, Ctrl, n = 3) were deeply anaesthetized (Pentobarbital, 150 mg/kg/IP) and perfused transcardialy with 4% PFA. Brains were cut in the coronal plane on a vibratome (50 μm thick). Sections were pre-incubated in 15% donkey or goat serum diluted in PBS for 45′ and incubated overnight at room temperature with the following antibodies diluted in PBS with 0.03% TritonX (PBST): rabbit anti-Cux1 (1:300; Jackson Laboratory), donkey anti-guinea pig (1:300; Jackson Laboratory), donkey anti-rabbit Alexa 488 (1:300; Molecular Probes-Millipore) or goat anti-rat Cy3 (1:300; Jackson Laboratory). Sections were rinsed in PBS, mounted in Vectashield (Vector) containing DAPI. Images were acquired with a Leica SP8 confocal microscope.
DiI Tracing of Somatosensory TCAs
DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine; Molecular Probes, Invitrogen) tracing was performed on fixed brains of P7 mice (sg/sg, n = 6; WT; n = 5; RORα Th , n = 4; RORα Ctx , n = 3; Ctrl, n = 5) as previously described (Vitalis et al. 2002) . Perfused brains were sectioned in two halves, in the coronal plane, slightly posterior to the level of the ventrobasal thalamus (VB). One DiI crystal was picked up on a glass micropipette and inserted into the VB. Brains were stored at room temperature in 4% PFA, in the dark for 20-30 days and were sectioned in the coronal plane on a vibratome (Leica VT 1000S). Sections (200 μm) were collected in PBS and imaged by confocal microscopy (Leica SP8).
Golgi-Cox Labeling
Golgi-Cox was performed on P21 animals. Four WT and 7 sg/sg littermates were used to reconstruct 8 individual neurons from each genotype. For the region-specific knockout mice, 9 controls (n = 33 neurons), 10 RORα Th (n = 34 neurons), and 10 RORα Ctx (n = 21 neurons) were analyzed. Mice were euthanized by an overdose of pentobarbital (100 mg/kg/IP) and perfused with 0.9% NaCl. Brains were dissected out, soaked 5 days in the dark in the Golgi-Cox filtered solution and processed as described in Chameau et al. (2009) .
Layer IV Neuronal Sampling for Golgi-Cox
The sections used to sample layer IV neurons were located between Bregma levels (−1.06 to −1.70 posterior and −3.3 to −2.5 lateral). Nissl counterstaining allowed to identify the cortical layers. We focused on the presumptive layer IV below the welllabeled layers II-III within a maximal depth of 80 μm in the mutant mice. Spiny neurons that appeared fully labeled and clearly individualized were selected for dendrite reconstruction.
Image Processing and Statistics
Images were processed and analyzed using the Fiji distribution (http://fiji.sc) of ImageJ (http://rsbweb.nih.gov/ij/). All measures were done blind to genotype and values are expressed as means ± SEM. The xlstat software for excel was used for calculation of the P-values. The statistical tests used are specified for each measurements and are detailed below. Values are considered significant when P < 0.01.
Measures of Cortical Thickness
Measures of the thickness of layers I-IV, layers IV-VI, and layers I-VI were taken along a line perpendicular to the pial surface, at 2 levels: one in the postero-medial barrel subfield (PMBSF: level −1.94 posterior and −3.1 lateral to Bregma), and the other in the anterior snout (AS: level −0.82 anterior and −3.1 lateral to Bregma). For each genotype, 3 sections of 4 animals were used for statistical analysis. Means (±SEM) are presented. Statistical significance was determine using a 2-tailed Student's t-test.
Counting of Neurons
Cux1+ cell density, was measured in 250 μm wide cortical regions subdivided in 3 regions: the more superficial 100 μm (a), the deepest 100 μm (c), and the intermediate region (b). Cux1+ neuronal density was calculated in the three regions and in the entirety of layers II-IV (named total). Means (±SEM) are presented. Statistical analysis was performed as above for the 4 identified regions. Calculation of activated-caspase-3+ cells were performed in the entire cortical wall (250 μm width). Means (±SEM) are presented. A 2-tailed Student's t-test was applied.
Counting of Microglial Cells
Iba1+ cells were counted in layer IV on P7 brain sections. At this age, density of Iba1+ cells is lower in barrel hollows than in barrel septae and walls (Hoshiko et al. 2012) . Cortical layer IV was divided into 10 cortical strips (20 × 80 μm). Cortical layers were identified with DAPI. In all cases, cell counts were performed on 3 different sections from each brain (4 sg/sg; 4 WT). Means (±SEM) are presented. The variance between groups was similar and Student's t-test was applied.
DiI Reconstructions and Measures
Individual axons of wild type (n = 5), sg/sg (n = 5), RORα Th (n = 4),
and Ctrl (n = 5) mice were reconstructed from the DiI tracing experiments. Axons were imaged using a confocal microscope (SP8 Leica; Objective 20×). Individual TCAs (WT, n = 7 axons; sg/sg, n = 10 axons; RORα Th , n = 8; Ctrl, n = 4) were redrawn from the composite confocal images. These images were transformed into a negative image with Adobe PhotoShop (version 6.0; Adobe Systems) and printed. Transparent foil was superimposed on the prints to draw the axon of interest. Axons were selected for analysis when they fulfilled the following criteria: (1) they were localized in the PMBSF, (2) they could be followed from the white matter-layer VI to layers IV-III, (3) the traced axonal arbor could be clearly distinguished from neighboring labeled axons in confocal stack, and (4) the main TC arbor was included within the thickness of the section. The redrawn axons were digitized and analyzed with the ImageJ software to measure the lateral extent, radial extent, and number of terminal branches. Individual values are plotted on the graphs. Means (±SEM) of each measure are indicated as a horizontal bar. The variance between groups was similar and a Student's test was applied.
Dendritic Reconstruction and Analyses
Neurons were drawn using a camera lucida (20×) for dendritic analyses. Images were scanned and measures were performed using ImageJ.
The dendritic complexity index (DCI) was calculated as previously described in Lom and Cohen-Cory (1999) . Each branch tip is given an order value that equals the number of branch points between the tip and the base of its primary dendrite. The DCI is subsequently calculated: Asymmetry of dendrites was measured as previously described (Datwani et al. 2002 and Narboux-Nême et al. 2012) . The ratios of symmetric/asymmetric neurons between genotypes were tested with a χ 2 test.
Sholl Analysis of Dendrites
Intersections of dendrites with concentric circles of 10 μm intervals (Sholl 1953) provided numeral values that were compared between groups with the Kruskal-Wallis H-test followed by Dunn's multiple comparison test.
Measures of Fluorescence Intensity
Images were collected at 10× with a Leica SP8 confocal microscope. Laser intensity was adjusted to prevent saturation and the same settings were preserved across groups. Images of WT and sg/sg were obtained and analyzed together, keeping a similar number of images in each group. The mean intensity valued was calculated from 4 animals and 3 sections per animal. Intensity measures followed the guidelines described in "Measuring fluorescence using ImageJ". Polygons were drawn around layer IV on collapsed image stacks, and around a background area, pixel brightness was measured in each region. The corrected total fluorescence (CTF) was calculated as previously described (Albright et al. 2007 ) using the following formula: CTF = Integrated Density − (Area of selected region × Mean fluorescence of the background readings). Averages of these comparisons were made for each genotype and a paired t-test was used for statistical analyses.
Analysis of Gene Expressions
Samples and RNA Extraction RNA was extracted from P5 to P6 mouse brains. Pups were anesthetized on ice and decapitated, their brains were cut to 250 μm thick vibratome slices (VT 1000S; Leica). The somatosensory cortex and VB were dissected under a dissecting microscope and were immediately frozen on dry-ice. Total RNAs were extracted from each tissue sample and treated with DNAse1 using Nucleospin RNA II kit (Macherey-Nagel) according to the manufacturer's instructions. The quality of each RNA sample was then checked using the Agilent 2100 Bioanalyzer (Agilent technologies). An equal amount of individual RNA from each sg/sg and WT sample from cortex and VB were pooled per litter. This produced 8 independent samples that were used for the microarray analysis.
Microarrays: RT and Labeling
For the cortex, 5 μg of total RNA were reverse-transcribed overnight at 37°C as previously described (Bontoux et al. 2008) . For the VB, 500 ng of total RNA were reverse-transcribed overnight at 37°C and the cDNAs amplified by 14 cycles of TS-PCR as previously described (Bontoux et al. 2008) . After purification using the Qiaquick PCR prurification kit (Qiagen), amplified cDNAs were labeled with 20 μM dUTP-Cy5 or dUTP-Cy3 (GE Healthcare) and 100 mM random hexamers (GE Healthcare) in the presence of 50 U Klenow fragment (Ozyme) overnight at 37°C. The labeled cDNAs were purified on Qiaquick PCR purification kit (Qiagen) and hybridized to the RNG-MRC_MM25k_EVRY microarrays (Le Brigand et al. 2006) according to the RNG procedures. For each pool, dye-swap experiments were performed.
Microarrays Analysis
After hybridization, median signal and median background intensities were extracted using Genepix 4.1 software (Molecular Devices). The level of expression of each gene was calculated as the mean ratio "signal/background" for each spot from the dyeswap experiments. Genes were considered to be expressed if their mean ratio was higher or equal to 1.2. Genes with mean ratio <1.2 in both conditions (sg/sg and WT) were not included in further analysis. These filtered data were normalized by lowess fit. The differentially expressed genes between sg/sg and WT were then determined by Student's t-test (α < 0.01). Pathway analyses were performed using Ingenuity Pathway Analysis software (Qiagen) with a significant P-value set to 0.01. All microarray data are deposited on the GEO database under the accession number GSE80317.
Results
RORα is Required for Barrel Patterning in the Somatosensory Cortex and Thalamus
Staggerer Mutant Mice Display Altered Cortical and Thalamic Somatosensory Organization
We analyzed the organization of the somatosensory system in P10 sg/sg compared to wild type littermates with Nissl-staining and cytochrome oxidase histochemistry (CO). Despite a normal general organization of the cerebral cortex in sg/sg mice, the characteristic barrel-like clustering was lacking in the primary somatosensory cortex (S1). Cortical barrels consist in a dense ring of granular neurons with a cylindrical shape in layer IV. Each barrel surrounds an area of lower cell density, the hollow, and individual barrels are separated by septae (Fig. 1A) . This TCAs reveals their segregation into barrels in WT mouse (C) and a lack of segregation in sg/sg mouse (C′). In each figure, the arrows point to the lower part of layer IV in WT or to the presumptive lower part of layer IV in sg/sg. Scale bar: A, A′, 180 μm; B, B′, 140 μm; C, C′, 150 μm.
cytoarchitectonic differentiation was not visible in sg/sg mice where layer IV granular neurons formed a continuous band with a homogeneous cell density (Fig. 1A′) . The lack of barrel differentiation was confirmed with CO histochemistry. Patches of CO-activity were visible in layer IV of WT (Fig. 1B) whereas in the sg/sg, CO-staining was reduced to a thin continuous band (Fig. 1B′ ). Tracing TCAs with the lipophilic dye DiI ( Fig. 1C-C′ ; see also below) and Vglut2 immunostaining ( Supplementary  Fig. S1A -A′) showed a disorganization of the thalamocortical afferents in the sg/sg mutants.
The microglial marker Iba1 has been shown to outline, barrel septae and barrel walls during the first postnatal week (Hoshiko et al. 2012 ). This accumulation in barrel septae was visible in P7 WT mice ( Supplementary Fig. S2A-C) but not in sg/sg, where homogeneous distribution of Iba1 was noted in layer IV ( Supplementary Fig. S2A , B′,C).
Periphery-related patterns were also disrupted in the thalamus of sg/sg mice. Four different cases are shown in Figures 2 and S3. Both CO-staining ( Fig. 2A; Supplementary Fig. S3A -A′) and Vglut2-staining ( Supplementary Fig. S1B -B′ and Fig. S3A″ ; Nakamura et al. 2005 ) showed a reduced labeling of the thalamus and an alteration in barreloid organization in sg/sg compared to littermate controls. However, Vglut2-immunolabeling showed few patches corresponding to the larger whiskers (arrows in Supplementary Fig. S3A″ ).
Whisker maps were not altered in the primary subcortical sensory relay in the brainstem. Overall, these observations indicate that the lack of RORα affects selectively the development of sensory-related patterns in the thalamus and the primary somatosensory cortex where RORα is expressed.
Normal Cortical Lamination in Staggerer Mutant Mice
Expression of RORα in the thalamus and cortex begins during embryonic life. To determine whether lack of RORα modifies the specification or migration of cortical neurons we analyzed the distribution of markers of cortical layers at P7 in sg/sg. Cux1 labels layer II-IV, Brn2 labels layer II-III (Nieto et al. 2004; Ferrere et al. 2006; Kumamoto and Hanashima 2014) . The location of these cortical layer markers was unchanged in sg/sg relative to wild type littermates (Fig. 3) . However, the thickness of superficial cortical layers was reduced (WT, n = 5, LI-IV = 590 ± 7.8 μm; sg/sg, n = 4, LI-IV = 466 ± 45 μm; Student's-t-test, P < 0.01; Fig. 3F ) whereas the thickness of deep cortical layers was unchanged (WT, n = 5, LIV-VI = 657.8 ± 29 μm; sg/sg, n = 4, LIV-IV = 656.3 ± 22 μm; Fig. 3F ). This change in cortical thickness is likely due to the lack of barrel-like organization of neurons in layer IV, rather than to a cell loss. Indeed, the density of Cux1+ neurons was unchanged in layers II-IV (Fig. 3D-E) and there was no increase in the number of activated-caspase-3+ neurons (Fig. 3G-H) .
Dendritic Organization of Layer IV Spiny Neurons is Altered in Staggerer Mutant Mice
Cortical layer IV is composed of granular cells, with a majority of spiny stellate neurons that have a characteristic asymmetric distribution of their dendritic arbors. To analyze the morphology and the dendritic organization of these neurons Golgi-Cox staining was performed at P21 (Fig. 4) . We found no statistical differences in the total arbor length (WT = 1421.9 ± 85.4 μm; sg/sg = 1528.1 ± 86.2 μm; n = 8 for each genotype; Fig. 4C ) or in the number of terminal branches (WT, n = 22.4 ± 1.08; sg/sg, n = 19.6 ± 1.32; n = 8 for each genotype; Fig. 4D ) between sg/sg and WT dendrites. However, the complexity index was reduced by 20.7% in sg/sg compared to WT (P < 0.001; Fig. 4E ).
Altered Branching of TCAs in Staggerer Mutant Mice
The formation of TCA clusters in layer IV is the primary event in barrel cortex development. TCAs reach layer IV shortly after birth and start branching selectively and profusely from P2 to P7 to form segregated clusters (Agmon et al. 1993 , Rebsam et al. 2002 . To analyze the morphology of TCAs we performed DiI tracing at P7-P8 (Fig. 1C-C′ and Fig. 5) . In WT mice, TCAs were largely confined to layer IV and lower layer III with few TCAs extending into layer II (Fig. 1C) . In sg/sg mice, the arborization of TCAs was also restricted to layers IV and III but the region of dense TCAs arborization was thinner than in WT and TCAs did not assemble into distinctive clusters (Fig. 1C′) . Reconstruction of single TCAs (WT, n = 7; sg/sg, n = 10; Fig. 5A and B) showed less complex arbors with a 55% reduction in the number of terminal branches in sg/sg compared to WT (WT, n = 35.9 ± 2.7; sg/sg, n = 16.4 ± 1; P < 0.0001; Fig. 5E ). Measures of the extension of TCA arbors showed no significant changes in the lateral span (WT, 295 ± 15.8 μm; sg/sg, 251.8 ± 24 μm; Fig. 5C ) and maximal radial extent (WT, 269 ± 10.15 μm; sg/sg, 303 ± 18 μm; Fig. 5D ). Overall, these results indicate that RORα is not required for TCA outgrowth and target reaching but that it controls terminal branching in cortical target layers. (Fig. 6B-B′) while RORα immunostaining was still visible in the cortex (Fig. 6A-A′ ) and in thalamic nuclei that do not express transiently SERT (data not shown). Conversely, in the RORα Ctx there was a lack of RORα immunostaining in the cortex (Fig. 6A-A″) but RORα immunostaining was still visible in the thalamus (Fig. 6B-B″) . The barrel cortex was analyzed on both coronal sections and flattened preparations of the cortex, using Nissl-and COstaining to reveal the organization of cortical neurons and TCAs. In Ctrl mice, the barrels corresponding to the main whiskers of the posteromedial barrel subfield (PMBSF), anterior snout (AS), hindpaw, and forepaw (FP) were clearly visible (Fig. 6C,D) . In RORα Th mice, no barrel-like segregation of layer IV neurons was observed with few cell clusters in the presumptive region of the PMBSF (Fig. 6C′ ). CO-staining was generally more dim than in controls with some blurry patches of CO-activity in 2 of the 4 cases analyzed (Fig. 6D -D′ and data not shown). The organization of the patches in the PMBSF, suggests that TCAs are normally guided and topographically organized in the cortex of RORα Th mice. However, since this organization as CO patches was only visible in only 1 tangential section of a full series in RORα Th instead of 4 to 5 sections in controls, this suggested a failure in TCA organization. DiI-labeling of TCAs confirmed this assumption showing that, in RORα Th mice, TCAs were less branched and complex than in controls (compare Fig. 6E with Fig. 6E′-F) . Single TCAs reconstructions (controls, n = 4; RORα Th , n = 8; Supplementary Fig. S4 ) showed a 43% reduction in the number of terminal branches in RORα Th mice in comparison to controls (Ctrl, n = 34.75 ± 1.64; RORα Th , n = 14.8 ± 0.6; P < 0.0001; Supplementary Fig. S4E ). By contrast, measures of the maximal lateral and radial extent of TCAs showed no differences ( Supplementary Fig. S4C-D) . In RORα Ctx , no barrel-like organization was observed through Nissl-staining (Fig. 6C″ ) but CO patches corresponding to the PMBSF and AS could be clearly observed (Fig. 6D-D″) . This suggested that thalamocortical organization was generally preserved in RORα Ctx mice. Indeed, patches of SERT immunoreactivity (labeling TCAs at P7) were observed in layer IV of RORα Ctx mice as in controls (Fig. 6F,E″) .
We used CO-stained sections ( Supplementary Fig. S5A -A″) to measure the thickness of cortical layers I-IV and I-VI in the somatosensory cortex. There were no differences between RORα Th and controls at both rostral (Ctrl, n = 5, LI-IV = 552 ± 18 μm; LI-VI = 1314 ± 17 μm; RORα Th , n = 4, LI-IV = 510 ± 5 μm; LI-IV = 1277 ± 22 μm) and caudal levels (Ctrl, n = 5, LI-IV = 530 ± 18 μm; LI-VI = 1282 ± 21 μm; RORα Th , n = 4, LI-IV = 510 ± 14 μm, LI-IV = 1262 ± 13 μm). Conversely, in RORα Ctx mice we noted a 22% reduction in the thickness of the upper cortical layers at both rostral (RORα Ctx , n = 3, LI-IV = 416 ± 14 μm; LI-VI = 1137 ± 43 μm; P < 0.005) and caudal levels (RORα Ctx , n = 3, LI-IV = 398 ± 8 μm, LI-IV = 1032 ± 15 μm; P < 0.005), similar to the changes observed in the sg/sg mice.
Golgi-Cox-staining was used to compare the morphology of layer IV spiny stellate neurons in controls (n = 33 neurons, 9 cases), 
RORα
Th mice (n = 34 neurons, 10 cases), and RORα Ctx mice (n = 22 neurons, 10 cases) (Fig. 7) . In the RORα Th mice, the total dendritic length (Ctrl n = 1255 ± 59 μm; RORα Th , n = 1121 ± 44 μm) and the general dendritic orientation of spiny stellate neurons was preserved. The percentage of neurons with an asymmetric morphology was similar in RORα Th and control mice (Ctrl, Asym = 73%; RORα Th mice, Asym = 76%; Fig. 7B ). However, RORα Th dendrites were less complex than controls with more branches of low order (branches below order 4, Ctrl, n = 61%; RORα Th , n = 74%; P < 0.005), reaching longer distances than in controls as shown by the Scholl analysis ( Fig. 7C ; P < 0.005) and the complexity index that was 1.77 time lower than controls (P < 0.001; Fig. 7D) .
A somewhat different phenotype was found for layer IV neurons in the RORα Ctx , as the percentage of neurons with asymmetric dendritic arbors was reduced (RORα Ctx mice, Asym = 58%; P < 0.005; Fig. 7B ). In addition, RORα Ctx neurons, displayed more branches of low orders (branches below order 4, RORα
Ctx
; n = 70%; P < 0.007), and RORα Ctx dendrites were less complex than controls as measured by the DCI (1.7 time lower; P < 0.001; Fig. 7D ) and displayed no change in the total dendritic length compared to controls (RORα Ctx , n = 1116 ± 58 μm).
VB organization was altered only in RORα
Th mice and not in RORα Ctx mice ( Supplementary Fig. S5C -C″). Barrelette organization was spared in both RORα Th and RORα Ctx mice ( Supplementary   Fig. S5D -D″) indicating that trigeminal sensory input is not modified in both conditional KO models.
Lack of RORα in Cortex and Thalamus
Recapitulates the sg/sg Phenotype Mutant mice with a constitutive deficiency of RORα have general inflammatory and metabolic alterations that could have indirect influences on brain development (Brugg et al. 1995; Besnard et al. 2001 ; reviewed by Boukhtouche et al. 2004; Jolly et al. 2012) . To bypass such effects, we generated animals lacking RORα in both the cortex and the VB ( Supplementary  Fig. S3A ), but with maintained expression in the body and other brain regions. At P10, these RORα Ctx+Th mice showed alterations of the somatosensory systems that were comparable to those displayed by sg/sg mice. CO-and Nissl-staining showed a lack of normal VB organization and a lack of neuronal segregation in the layer IV of the somatosensory cortex ( Supplementary  Fig. S6B-D) . This indicated that deletion of RORα in the cortex and thalamus was sufficient to reproduce the sg/sg phenotype in the somatosensory system.
Modification of Gene and Protein Expression in the Somatosensory Cortex and Thalamus in Staggerer Mice
Because RORα is a transcriptional regulator that can influence the expression of a large number of genes, we performed a microarray screen of genes expressed in the VB or somatosensory cortex in sg/sg versus WT mice. Microdissected somatosensory cortex and VB of P5-P6 WT and sg/sg littermates were analyzed for this purpose. This time point was chosen to detect modification of genes expression that are relevant for the emergence of barrel field organization, which occurs between P3 and P7 (Wu et al. 2011; Erzurumlu and Gaspar 2012) . The RNG-MRC_MM25k_EVRY microarray allowed to compare the expression of 18 048 genes (see GEO database under the accession number GSE80317). In the somatosensory cortex, 242 genes were statistically differentially expressed (fold differences >1.2; P < 0.01; t-test) in sg/sg versus WT mice, and were either downregulated (n = 126) or up-regulated (n = 116); (Table S1) . "Ingenuity Pathway" analysis revealed that the top functions of genes with significantly modified expression are neuritogenesis, neuronal development, microtubule dynamics, organization of the cytoskeleton, axonal extension, and cell viability (Table S2 ). Interestingly some of these genes, such as Semaphorin 7A and Adcy8 have previously been shown to be expressed in the developing barrel cortex (Nicol et al. 2005; Carcea et al. 2014 ). We focused on Sema7A which has been recently found to be cell-autonomously necessary for spiny stellate cell orientation and maturation (Carcea et al. 2014) and to exert a role as positive regulator of TCA branching and maturation (Fukunishi et al. 2011 ). In agreement with microarrays mRNA expression, we found that Sema7A was decreased in the cerebral cortex of sg/sg mice. This reduction was most marked in superficial layers II-IV and notably in layer IV (Fig. 8A-A′) . Measurement of corrected fluorescence (using Fiji for ImageJ) showed that in layer IV Sema7A intensity in sg/sg animals was 29.7% that of WT (n = 4 for each genotype; paired t-test; **P < 0.001; Fig. 7A″ ). In the VB, 236 genes were either up-regulated (n = 105) or downregulated (n = 131) ( Table S3 ). The "Ingenuity Pathway" analysis showed that the differentially expressed genes were implicated in neuronal proliferation, cell cycle, neuritogenesis and cell viability (Table S4) . Among these genes Nefh, a gene coding for high size neurofilament (200 kD; NF-H), was strongly decreased in both the VB (sg/sg/WT microarray ratio: 0.62; P < 0.008) and cortex (sg/sg/WT microarray ratio: 0.53; P < 0003) of sg/sg compared to WT. Immunolabelling against NF-H showed that at P7 NF-H that labeled both TCAs and cortical neurons (see also Allen brain atlas; http://developingmouse.brain-map. org/) was strongly reduced in the sg/sg cortex (Fig. 8B-B′) . Measurements of corrected fluorescence showed that in the layer IV NF-H intensity in sg/sg animals was 52.2% that of WT (n = 4 for each genotype; paired t-test; *P < 0.01; Fig. 8B″ ). In layers II-V, but not in layer I, the NF-H-stained processes were of reduced caliber and appeared heterogeneously labeled suggesting a lack of stability or maturation of these processes in the sg/sg mutant mice (Fig. 8C-C′) .
In addition, genes associated to immune, vascular or metabolic systems were deregulated in the cortex and thalamus of sg/sg mice (Tables S5 and S6 ).
Discussion
Our study shows for the first time that RORα is required for telencephalic circuit maturation in addition to its well-known role in the development and maintenance of cerebellar circuits. We find that RORα plays a crucial role to coordinate barrel cortex development with dual effects on the maturation of thalamocortical afferents and their cortical targets. The effects of RORα in these 2 structures is mediated by the regulation of a large panel of genes that control neurite outgrowth, in particular, Semaphorin 7A that is directly involved in the dendritic maturation in the barrel cortex. 
RORα is Required for Cortical Neuron Differentiation
Our observations indicate that RORα is cell-autonomously required for the maturation of layer IV neurons, as the maturation of spiny stellate neurons is deficient in both the sg/sg and the RORα Ctx . In the cerebral cortex, RORα expression begins at a fairly late developmental stage, by E18.5 (Nakagawa and O'Leary 2003) , when all cortical neurons have been generated and deep layer neurons are already positioned (Molyneaux et al. 2007; Vitalis 2010; Franco and Müller 2013, this list is nonexhaustive) . This timing of expression, suggested that RORα was implicated in the differentiation/maintenance of cortical neurons rather than in their specification. Indeed, we found that the layer-specific markers, Cux1 and Brn2 were normally positioned in sg/sg mice. However, we found a defective maturation of layer IV neurons as reflected by the lack of aggregation of layer IV neurons into barrels, the thinning of layer IV and the altered dendritic organization of spiny stellate neurons in layer IV. These phenotypes were visible in both sg/sg and RORα Ctx mice. This indicates that the defective organization observed in sg/sg somatosensory cortex is not only secondary to a disruption of thalamocortical circuit organization, but is also due to a cell-autonomous effect of RORα on the maturation of layer IV neurons. Layer IV neurons had a less complex morphology as reflected by the reduction of the complexity index and showed a reduction in the asymmetric orientation that normally occurs in spiny stellate neurons (Erzurumlu and Gaspar 2012; Mizuno al. 2014) . This suggests that RORα could play a role in the initial growth of layer IV dendrites. RORα could also be implicated during later stages in the maintenance of their shape and/or survival. Such roles have already been described for cerebellar Purkinje cells where RORα was found to be necessary for both early and late differentiation and for survival. Indeed, RORα is required for the early dendritic maturation of Purkinje cells in sg/sg mice (Boukhtouche et al. 2006; Takeo et al. 2015) while the ablation of RORα in mature Purkinje cells induced the disappearance of their spiny branchlets (Chen et al. 2013; Takeo et al. 2015) and later caused neurodegeneration (Sotelo and Changeux 1974; Janmaat et al. 2011) . Interestingly, the differentiation of Purkinje cells (Armengol and Sotelo 1991) and layer IV spiny neurons (Harris and Woolsey 1981; Callaway and Borrell 2011) share some similarities in their sequence of maturation. In both neuronal cell types there are initial regressive events, the retraction of bipolar processes for Purkinje cells or the retraction of apical dendrites for spiny stellate neurons, followed by a subsequent dendrite outgrowth. All these processes have been shown to be cell-autonomously dependent of RORα in Purkinje cells. Here we show that RORα is required for dendritic maturation of layer IV neurons and probably for their maintenance.
RORα is Required for Sensory Thalamic Neuron Development
RORα has been shown to be selectively expressed by thalamic sensory neurons when they exit the cell cycle by E12 (Nakagawa and O'Leary 2003) suggesting a role for RORα in thalamic development. The present results demonstrate that RORα is indeed required for the normal maturation of the primary somatosensory thalamic relay, the VB. Moreover, since the thalamic phenotype of the RORα Th mice is very similar to that of the sg/sg mice, our results further support a cell-autonomous role of RORα in these neurons. The SERT-Cre +/− driver that was used to invalidate RORα in the thalamus is only active by E15.5 (Narboux-Nême et al., 2011) which suggests that RORα is mainly required for later stages of thalamic maturation, and not for early specification. Indeed, thalamic axon outgrowth and the targeting of TCAs to cortical layer IV was not compromised in the sg/sg or the RORα Th mice although the subsequent TCA branching in layer IV and the activity-dependent clustering into whisker-related domains was altered. Barrelless mice, such as the MAOA-KO or the AC1-KO mice, where TCA alterations have been described previously (Cases et al. 1996; Welker et al. 1996; Abdel-Majid et al. 1998; Iwasato et al. 2000 Iwasato et al. , 2008 Suzuki et al. 2015) display exuberant TCAs extension and branches that extend beyond one barrel domain (Rebsam et al. 2002; Gheorghita et al. 2006; Suzuki et al. 2015) . This is not the case in the sg/sg or RORα Th mice in which TCAs are poorly branched and display reduced tangential extension, suggestive of a stunted growth. This severe reduction in axon branching was reminiscent of the phenotype described in hypothyroid rats (Berbel et al. 2001 (Berbel et al. , 2014 . Overall, our observations suggest that RORα in the somatosensory thalamus is essential to translate sensory driven signals from the periphery into central morphogenetic signals and acts in a cell-autonomous manner by regulating the transcription of molecules implicated in the late differentiation, axonal outgrowth, and maintenance of thalamic neurons. However, this does not exclude that the phenotype of TCAs in sg/sg mutant mice could be exacerbated by a lack of trophic signals produced by cortical neurons.
Molecular Pathways Involved in the Somatosensory Staggerer Phenotype
The molecular pathways that could be modulated by RORα are highly diverse, since RORα can bind to the promoters of many genes, including transcription factors and outgrowth promoting molecules (our analysis and Sarachana and Hu 2013).
Our microarray analysis showed that several genes whose expression is downregulated in the in sg/sg mice, notably Neph and Nepm, ADCY8, and Semaphorin7A could contribute to the barrelless phenotype observed. Interestingly these genes are also controlled by the thyroid hormone T3 (Berbel et al. 2014; Gil-Ibañez et al. 2017 ) and, as discussed above, hypothyroid rats have a barrelless phenotype (Berbel et al. 2001 ) that is very similar to the one presently identified in the sg/sg mice. Collectively, these genes contribute to neurogenetic processes that are required for sculpting barrels during development. NF-H is expressed in neuritic processes and participates to neuritic elongation and stability by phosphorylating cytoskeletal proteins including neurofilaments (Jung et al. 2005 ). The observed NF-H downregulation in thalamic axons could induce a defective stability, or a delayed maturation of neurites (Berbel et al. 2014) . Downregulation of the calciumregulated cyclase 8 (ADCY8) in the cortex of sg/sg mutants might also be involved in the maturation of cortical layer IV neurons since ADCY8 shows a strong upregulation in layer IV during early postnatal development (Nicol et al. 2005) , although no clear barrel defects were noted in the ADCY8-KO mice (Abdel-Majid et al. 1998; Suzuki et al. 2015) . More directly linked to the barrelless phenotype, is the observed downregulation of the GPI-linked Semaphorin 7A. Sema7A has been shown to be expressed by both TCAs and spiny stellate neurons of the developing somatosensory cortex (Fukunishi et al. 2011; Carcea et al. 2014 ) and downregulation of Sema7A induces an alteration of spiny stellate neuron orientation (Carcea et al. 2014 ) a feature that we also observe in sg/sg and RORα Ctx animals. Besides this role, Sema7A is also acting as a positive signal for TCA axons outgrowth and branching (Fukunishi et al. 2011) . Among the other genes that were downregulated in the cortex or thalamus of sg/sg mice and that could be implicated in the barrelless phenotype, Netrin-G1 ligand (also named LRRC4C), chondroitin sulfate proteoglycan 5 (CSPG5/neuroglycan C; Nakanishi et al. 2006; Jüttner et al. 2013 ) and the transmembrane protein CD47 (Hsieh et al. 2015) are particularly interesting candidates, that would merit further investigations on their possible implication in barrel development. LRRC4C has been found to promote thalamic axon outgrowth (Lin et al. 2003; Goldman and Kennedy 2011) . CSPG5 and CD47 were shown to promote the neuritogenesis and the maturation of cerebellar neurons (Hsieh et al. 2015) . On the other hand, increased expression in genes associated to cell-death and a downregulation of genes associated to cell survival is unlikely to contribute to the barrelless phenotype. Indeed, the density of Cux1+ neurons was unchanged in layer IV and there was no increase of activated caspase-3+ neurons in the barrel cortex. However, we cannot exclude that celldeath could contribute to the cortical sg/sg phenotype at later developmental stages. In the cerebellum, RORα first acts as a developmental signal promoting cell growth and maturation and secondarily acts as a survival and protective signal (Armengol and Sotelo 1991; Boukhtouche et al. 2006; Takeo et al. 2015) .
Relevance to Human Psychiatric Diseases
In humans, polymorphisms in the RORα gene were found as susceptibility factors for the development of bipolar disorders (Lai et al. 2015) and for response to lithium treatment (Geoffroy et al. 2016) . Other studies also suggested RORα as a novel candidate for autism spectrum disorders (ASDs) since RORα is downregulated in various brain regions including the prefrontal cortex and cerebellum in ASD patients (Nguyen et al. 2010 , Sarachana and Hu 2013 , Devanna and Vernes 2014 . Whether these risks are mediated by a defective expression of RORα in astrocytes, or other cell types remains to be elucidated. However present observations strongly emphasize that defects in thalamocortical brain wiring could play a role.
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